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SUMMARY

Plants synthesize natural products via lineage-specific offshoots of their core metabolic pathways, including
fatty acid synthesis. Recent studies have shed light on new fatty acid-derived natural products and their bio-
synthetic pathways in disparate plant species. Inspired by this progress, we set out to develop tools for
exploring the evolution of fatty-acid derived products. We sampled multiple species from all major clades of
euphyllophytes, including ferns, gymnosperms, and angiosperms (monocots and eudicots), and we show
that the compositional profiles (though not necessarily the total amounts) of fatty-acid derived surface
waxes from preserved plant specimens are consistent with those obtained from freshly collected tissue in a
semi-quantitative and sometimes quantitative manner. We then sampled herbarium specimens representing
57 monocot species to assess the phylogenetic distribution and evolution, of two fatty acid-derived natural
products found in that clade: beta-diketones and alkylresorcinols. These chemical data, combined with ana-
lyses of 26 monocot genomes, revealed a co-occurrence (though not necessarily a causal relationship)
between whole genome duplication and the evolution of diketone synthases from an ancestral alkylresorci-
nol synthase-like polyketide synthase. Limitations of using herbarium specimen wax profiles as proxies for
those of fresh tissue seem likely to include effects from loss of epicuticular wax crystals, effects from preser-
vation techniques, and variation in wax chemical profiles due to genotype or environment. Nevertheless,
this work reinforces the widespread utility of herbarium specimens for studying leaf surface waxes (and
possibly other chemical classes) and reveals some of the evolutionary history of fatty acid-derived natural
products within monocots.
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INTRODUCTION . . . .
opucTio studies of plant chemistry become wider in scope, they

Plant chemicals are a cornerstone of medicine and are also
of great importance in agriculture and biotechnology
(Wurtzel & Kutchan, 2016). Plant chemicals thus relate to
several of the United Nations’ Sustainable Development
Goals, particularly those aimed at zero hunger as well as
good health and well-being, since an advanced under-
standing of plant chemistry can help minimize the negative
environmental impacts of agriculture and ensure food
security in the face of climate change. Our knowledge of
plant chemistry has advanced considerably in past decades
and has recently been accelerated by advances in nucleo-
tide sequencing technologies, leading to major advances
in our understanding of specialized or lineage-specific met-
abolic pathways (Schenck & Busta, 2022). However, as
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remain limited by a lack of access to tissue from diverse
plant lineages, and researchers must spend considerable
time, energy, and resources to obtain plant tissue for ana-
lyses. These difficulties are particularly pronounced when
studying plants that are endangered, that grow in remote
or difficult to access geographic areas, or that are challeng-
ing to cultivate. Until we identify straight-forward avenues
by which to systematically access tissues from diverse
plant species, our ability to advance fundamental knowl-
edge of plant chemistry will be delayed. This, in turn,
impedes the deployment of plant chemistry-based
approaches to tackling climate change.

Outside of wild populations, much of global plant
diversity is preserved within systematized collections,
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including germplasm collections (seed banks), living collec-
tions (botanical gardens), and museum collections (her-
baria). In recent decades, the plant voucher collections
stored in herbaria have been transformed by digitization,
allowing for systematic evaluation of collections spanning
hundreds of millions of specimens collected around the
globe over centuries (James et al., 2018; Soltis, 2017). Not
only is this wealth of preserved plant specimens an incredi-
ble source of data for biodiversity, morphological, and phe-
nological studies (Heberling & Burke, 2019; Johnson,
Rebolleda-Gomez, & Ashman, 2019), it can also provide
access to diverse taxa for chemical sampling of, for exam-
ple, terpenoids, flavonoids, alkaloids, and glucosinolates
(Cook et al., 2009; Eloff, 1999; Foutami, Mariager, Rinnan,
Barnes, & Ronsted, 2018; Mithen, Bennett, & Marquez, 2010;
Tasca et al., 2018). In the context of plant chemical research,
we propose that using herbarium specimens could be espe-
cially useful for studies of metabolic evolution, for identify-
ing lineages with variant metabolic machinery, as well as
for discovering structural variants of known natural prod-
ucts and new natural products alike. Thus, herbaria have
the potential to be a source of material for diverse studies
that advance our understanding of plant chemistry.

The goal of this study was to evaluate the potential of
herbarium specimens in studies of plant chemical diversity
and plant metabolic evolution. To meet this goal, we chose
to study fatty acid-derived natural products, a diverse
group of compounds with both structural and bioactive
properties (Scott, Cahoon, & Busta, 2022). These com-
pounds can be found in cuticular waxes—mixtures of
hydrophobic biochemicals that coat plant surfaces and can
be remarkably resistant to degradation, as evidenced by
their presence in fossils and geological samples (Damsté
et al., 2003; Logan, Smiley, & Eglinton, 1995). We sup-
posed that fatty acid-derived natural products could be
extracted from the surfaces of small tissue fragments from
herbarium specimens and then analyzed with gas
chromatography-mass spectrometry as is currently per-
formed with fresh tissue (Busta, Budke, & Jetter, 2016;
Busta, Schmitz, Kosma, Schnable, & Cahoon, 2021; Guo,
Li, Busta, & Jetter, 2018). In this report, we demonstrate
that the wax chemical profiles obtained from preserved tis-
sue (herbarium specimens) are semiquantitative, or in
some cases quantitative, proxies for chemical profiles
resulting from analyses of fresh tissue. Then, we used her-
barium specimens to screen a wide range of monocot spe-
cies for two classes of fatty acid-derived natural products,
alkylresorcinols and beta-diketones, that function as defen-
sive compounds (Cook et al., 2010; Ross et al., 2003), and
enhance drought tolerance (Bi et al., 2017; Hen-Avivi
et al., 2016; Zhang et al., 2015), respectively. Finally, we
combined the chemical profiles from herbarium specimens
with existing reference genome data for monocot species
to provide a view into the evolutionary history of these

two compounds and the importance of an alkylresorcinol
synthase-like ancestor in that context. Based on this suc-
cess, we suggest that phytochemists further develop part-
nerships with curators of natural history collections to
advance large-scale studies of phytochemistry and to has-
ten the implementation of plant chemistry-based
approaches to sustainable development goals.

RESULTS AND DISCUSSION

The objective of this study was to explore the use of herbar-
ium specimens in studying the diversity and evolution of
fatty acid-derived natural products in plant wax extracts. To
meet this objective, three major activities were undertaken:
(i) waxes from conspecific fresh and preserved specimens
were compared across representatives of eudicot, monocot,
gymnosperm, and fern lineages; (ii) preserved specimens
were used to explore the distribution of alkylresorcinols
and beta-diketones, two fatty acid-derived natural products,
across the monocot lineage; and (iii) public sequence data
were used to assess the evolution of alkylresorcinol and
beta-diketone synthases across the monocot phylogeny.

Waxes from preserved specimens are highly similar to
those from conspecific fresh tissue

An initial screen revealed striking similarities between the
gas chromatography-mass spectrometry total ion chro-
matograms obtained from wax extracts from fresh and
preserved tissues of Turritis glabra L. (Brassicaceae;
Figure 1a). This suggested that information about com-
pound occurrence, at least for some wax compounds,
could potentially be obtained from analyses of preserved
plant tissue. To evaluate this potential, our first objective
was to perform a more thorough comparison of waxes
from fresh and preserved specimens. We selected multiple
species each from eudicot (3 species), monocot (4 species),
gymnosperm (Soltis, 2017), and fern lineages (3; total 13
species; Figure 1b) and obtained fresh and preserved leaf
tissue samples for three biologically independent individ-
uals (i.e. three different plants, all three from the same
populations for fresh tissues) from each of these species
(total 72 tissue samples; where biologically independent
samples were not available, distinct leaves from the same
plant were used instead). Cuticular waxes were extracted
from each tissue sample using chloroform and the extracts
were analyzed with gas chromatography-mass spectrome-
try. Among the samples analyzed, we identified wax com-
pounds belonging to eleven different wax chemical
classes. Some of these chemical classes were ubiquitous
classes that have been found, in some amount, on the sur-
faces of virtually all plant species, including very-long-
chain n-alcohols, n-aldehydes, n-alkanes, alkyl esters, and
fatty acids. We also identified wax compounds that are
found only in certain lineages, including alkylresorcinols,
as well as very-long-chain secondary alcohols, diols,
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Figure 1. Comparison of waxes from fresh and preserved leaf tissue.

(a) Gas chromatography-mass spectrometry total ion chromatograms from analyses of cuticular waxes from fresh and preserved Turritis glabra tissue. The
retention times of some late-eluting analytes do not exactly match because the samples were run under gas chromatography conditions with slightly different
column lengths; however, the mass spectra for all corresponding compounds between the two samples were identical.

(b) Cladogram of the 12 species selected for analysis. This cladogram was derived by pruning a previously published megaphylogeny (Qian & Jin, 2016).

(c) Principal components analysis of the 72 wax samples analyzed. Circles correspond to fresh tissue, squares to preserved tissue, with colors that correspond
to the species-based color scheme in b. Black circles indicate the major distinguishing chemotypes identified among the species analyzed. The line segments in
the upper left-hand corner are an ordination plot illustrating the compound classes that are most strongly aligned with the principal components. Note that the
clustering of Ranunculus arbortivus with the fern species in the center of the plot does not mean that their chemical profiles are necessarily similar, but rather
that their chemical profiles are not distinguished by the variables comprising the first two principal components.

(d) Quantitative comparison of the relative abundance of wax compound classes on fresh and preserved plant material. Line diagrams on the left connect the
relative abundance of each compound class in conspecific fresh and preserved tissues. Slopes of the lines indicate the degree of difference in the relative abun-
dance of a particular compound class between conspecific fresh and preserved specimens. The number of lines shown for each compound class indicates the
number of species in which that compound class was found. The panels in the middle show the general structure of each compound class. Box plots on the
right show the amount of variation in mean compound class relative abundance within and between a set of independent samples.
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ketones, monoacy! glycerides, and triterpenoids. Overall,
the data suggest that preserved plant specimens could be
a source of diverse wax compound classes. Previous com-
parisons of volatile terpenoids from herbarium specimens
and fresh tissues revealed that herbarium specimens had a
similar distribution of terpenoid compounds (terpenoid
“composition”), but not necessarily similar total terpenoid
amounts (Foutami et al., 2018). It seems likely that surface
waxes would behave similarly, given that some species
waxes accumulate in thick surface layers (epicuticular wax
crystals) that can be physically removed with even a gentle
touch, let alone actions associated with collection, press-
ing, mounting, and storing. For that reason, the remainder
of the analyses presented here focus on wax composition,
not total wax amounts.

To evaluate the potential of waxes from preserved
plant specimens to serve as quantitative proxies for
extracts from freshly collected tissue, quantitative chemical
profiles from the fresh and preserved tissue of 12 represen-
tative plant species were compared (Table S1). We con-
ducted a principal components analysis of the chemical
profiles and found that the 72 samples fell into five general
clusters or chemotypes (Figure 1c, numbered ovals). Four
of the clusters were distinguished from each other by
being enriched in one or more compound classes, with
cluster 1 being n-alcohol rich, clusters 2 and 3 being
enriched in secondary alcohols and diols, and cluster 4
being enriched in alkanes and ketones (Figure 1c), compare
cluster position with inset ordination plot. The central clus-
ter (cluster 5) was not distinguished by being particularly
rich in any compound class relative to the other clusters.
Importantly, samples from fresh and preserved tissue of
the same species grouped tightly together in the principal
components analysis. This clustering suggested that, even
though some of the preserved specimens were nearly
100 years old (Table S2), the chemistries of fresh and pre-
served specimens from the same species are generally
more similar to one another than to the chemistry of other
species (Figure 1c).

Since different wax compound classes can degrade at
different rates (i.e., different compound classes might be
preserved to different degrees), the present analysis was
conducted on a compound class-by-compound class basis
for each species. To visualize such trends in preservation, a
plot was created in which the mean relative abundance of
each compound class in fresh tissue was connected with a
line to the mean relative abundance of that class in pre-
served tissue from that species (Figure 1d). The lines in the
plot were relatively flat, indicating that the relative abun-
dance of each compound class detected was highly similar
in extracts of conspecific fresh and preserved specimens
and suggested that a statistical analysis should be devised
to test for differences between these relative abundance
values. However, it is well established that cuticular wax

chemistry can change quantitatively in response to environ-
mental stimuli (Kosma et al., 2009; Lewandowska, Keyl, &
Feussner, 2020; Shepherd, 2006), and it seemed highly
likely that such variation might preclude direct quantitative
comparisons of preserved and fresh tissue chemistry.
Accordingly, to determine whether wax compounds dif-
fered in their quantitative contribution to overall wax mix-
tures, it was not the mean abundances between fresh and
preserved tissue that were compared, but rather the vari-
ance in the abundance of each compound class between
replicates of a given tissue type (fresh vs. preserved) versus
the variance between fresh and preserved tissue. Under this
scheme, if a compound class regularly degraded in a quan-
tifiable way, the variance between fresh and preserved
would be significantly greater than the variance within a tis-
sue type. For the compound classes tested here, we com-
pared these variances and found no significant difference
for any compound class (Wilcox tests, o = 0.05, Figure 1d).
This absence of differences suggested that each of these
compound classes could, at least in the cases tested here,
indeed be preserved at a quantitative level.

Although our analyses suggested semi-quantitative,
or in some cases even quantitative similarity between the
wax composition (though not necessarily coverage) of
fresh and preserved wax specimens, we would like to
emphasize several important limitations of our method.
First, more wax classes have been reported than those we
tested here, and semi-quantitative preservation may not be
the case for all species or compound classes. In addition,
epicuticular and intracuticular wax compositions differ in
some species and thus the inadvertent removal of epicutic-
ular wax enriched in a given compound class would
almost certainly distort correspondence between fresh and
preserved tissue. We also did not test for any effects that
preservation techniques may have on wax profiles (such
as the use of ethanol in preservation), and cannot rule out
that the wax chemical profiles of preserved specimens
would be affected by specific preservation techniques.
Finally, there can be considerable variation in wax compo-
sition between members of the same species due to either
genotype or environmental effects. Such differences could
also distort correspondence between fresh and preserved
tissues in some cases. One of the effects of these limita-
tions could be difficulty in the ability to distinguish among
wax profiles from species of the same genus, though such
would depend on the amount of variation in the wax com-
positions of the species in question. However, even consid-
ering these limitations, the data presented here suggest
that herbarium specimens are a suitable first approxima-
tion for the quantitative wax compositions found on fresh
plant leaf tissue. It seems likely that this approach will also
work for other classes of surface lipids, notably cutin, a
polymer whose diversity is little studied compared with
waxes.
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Figure 2. Occurrence of alkylresorcinol and beta-diketone fatty acid natural products in monocot lineages.

(a) Mass spectrum of an alkylresorcinol, with a prominent mass peak at m/z 268.

(b) Total and extracted (m/z 268) ion chromatograms of wax extracts from preserved tissues of Trichophorum cespitosum. The full total ion chromatogram is

inset.

(c) Mass spectrum of a beta-diketone, with prominent mass peaks at m/z 325 and m/z 353.

(d) Total and extracted (m/z 353) ion chromatograms of wax extracts from preserved tissues of Hordeum jubatum. The full total ion chromatogram is inset.

(e) Cladogram of fifteen monocot families from which wax extracts from preserved tissues were analyzed. The numbers in the circles above each family indicate
the number of species in that family that were analyzed. The heat map below the family names indicates the families in which alkylresorcinols and beta-
diketones were found, with green squares indicating that the compound class was found in that lineages and yellow indicating that the compound was not
detected in that lineage. The data acquired for each species in each of these lineages is like that shown in panels a-d and is presented in Figure S2.

Based on preserved specimen chemistry, alkylresorcinols
are more widely distributed in monocots than are
beta-diketones

Having identified that wax extracts from preserved speci-
mens are reasonable proxies for extracts from conspecific
fresh tissue, our next objective was to use herbarium
specimen wax extracts to study the evolution of fatty
acid-derived natural products. In particular, we targeted
alkylresorcinols and beta-diketones, two compound classes
that have been reported from monocot lineages (Mikkelsen,
1979; Racovita & Jetter, 2016; Sun et al., 2020), but whose
evolution has not been studied in detail. Alkylresorcinols
are defensive antifungal and antimicrobial compounds with
potential anticancer effects (Cook et al., 2010; Ross
et al., 2003), while beta-diketones enhance leaf survival and
reduce water loss under drought stress (Bi et al., 2017;
Hen-Avivi et al., 2016; Zhang et al., 2015). We began by
examining wax extracts from preserved tissues of species
previously reported to produce alkylresorcinols or beta-
diketones. Alkylresorcinols, as trimethylsilyl derivatives,
have a prominent peak in their mass spectra at m/z 268

© 2024 The Author(s).

(Figure 2a), so single ion chromatograms were extracted for
that mass-to-charge ratio to search for alkylresorcinols. In a
wax extract from preserved tissues of Trichophorum cespi-
tosum (L.) Hartm., which was previously reported to contain
alkylresorcinols (Avesjs et al., 2002), alkylresorcinols were
indeed identified as a homologous series (Figure 2b).
Beta-diketones, as trimethylsilyl derivatives, have
prominent ions in their mass spectra corresponding to
alpha-cleavages adjacent to their secondary functional
groups (Figure 2c). Accordingly, to search for diketones,
gas chromatography runs were conducted in scan mode
and then ion chromatograms were extracted for the ions
that would be generated by a variety of possible
beta-diketone structures including most common
beta-diketone structures from grasses (Figure S1). For
example, hentriacontan-14,16-dione was identified by its
prominent mass peaks at m/z 325 and m/z 353 in preserved
tissues of Hordeum jubatum L., a species previously
reported to contain diketones (Baum, Tulloch, & Bailey,
1989). Thus, both alkylresorcinols and beta-diketones can
be detected in wax extracts from preserved plant tissues,
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(a) Maximum likelihood tree of type-lll polyketide synthase amino acid sequences from 26 monocot genomes. Tip color indicates the family in which the gene
was found, as shown in the legend. The nodes labeled with numbered circles “1”, “2”, and “3" indicate whole genome duplications, with whole genome dupli-
cation at “1” preceding the divergence of clades 2 and 3 and whole genome duplications at “2” and “3” giving rise to 2A/2B and 3A/3B.

(b) A computer-generated model of a Poaceae type-lll polyketide synthase based on structurally similar crystal structures. The three orange residues are catalytic
residues, and the eight yellow residues indicate amino acids near the active site pocket.

(c) Colored squares indicating the identity of the eight active site-adjacent amino acids (shown in yellow in b) in each of the proteins descended from the node
labeled “1” in the phylogeny. Numbers on the right-hand side of the colored squares indicate the position in our alignment containing each of these residues.
The positions of those residues in the structural model in b are indicated with yellow in the model as denoted with black arrows. The colors correspond to a par-
ticular amino acid as indicated in the legend in the lower right-hand corner of the figure. The horizontal bar plots at each whole genome duplication node in the
phylogeny indicate the probability of the eight amino acid residues near the active site pocket in the ancestral sequences predicted for that node.

and this process is facilitated with the use of extracted ion
chromatograms.

Having confirmed that alkylresorcinols and
beta-diketones can be detected in wax extracts from pre-
served plant tissues, our next objective was to determine
their relative times of evolution by determining whether
alkylresorcinols or beta-diketones are more widely distrib-
uted across monocots. To meet that goal, wax extracts
were prepared from preserved tissue of fifty seven mono-
cot herbarium specimens spanning fifteen monocot fami-
lies (Figure 2e; Table S3). Each extract was analyzed with
gas chromatography-mass spectrometry to generate data
similar to that shown in Figure 2a-d. Across these sam-
ples, alkylresorcinols were detected in at least one species
from each of the families Poaceae (3 out of 6 species sam-
pled), Cyperaceae (5/5), Orchidaceae (1/4), and Asparaga-
ceae (2/3). In contrast, beta-diketones were only found on
species within the Poaceae (1 out of 6 species). This sug-
gests that alkylresorcinols are more widespread in mono-
cots than are beta-diketones and that the ability to
synthesize alkylresorcinols evolved before the ability to
synthesize beta-diketones in this lineage.

A phylogeny of monocot polyketide synthases suggests
genome duplication co-occurred with diversification of
ancestral alkylresorcinol synthase-like genes and the
evolution of diketone synthesis

So far, the herbarium specimen-derived chemical data sug-
gested that  alkylresorcinol  synthesis  predated
beta-diketone biosynthesis in monocots. In addition, previ-
ous studies had identified alkylresorcinol and
beta-diketone synthesis genes in monocots (Cook
et al., 2010; Sun, 2023; Sun et al., 2020), all of which are
type-lll polyketide synthases. Accordingly, our next objec-
tive was to use these characterized sequences and the pre-
viously assembled reference genomes of 26 monocot
species (Table S4) to place our chemical data into a geno-
mic context and to further explore the evolutionary history
of beta-diketones. First, we used the amino acid sequences
of the characterized alkylresorcinol and beta-diketone
synthases as queries for a BLAST search and obtained a
list of type-lll polyketide synthases from the 26 monocot
genomes. We filtered out low-quality hits as well as hits
that were clearly annotated as something other than a
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polyketide synthase, for example, 3-ketoacyl CoA
synthases. The sequences of the remaining hits (Table S5)
were aligned, and the alignment was trimmed to remove
positions with a high proportion of gaps (more than 70%
gaps) or positions that had very low conservation (less
than 30% conserved). From the trimmed alignment, we
inferred a maximum likelihood phylogeny (Figure 3a;
Table S6). The overall topology of our phylogeny was
highly similar to the monocot region of a previously
reported type-lll polyketide synthase phylogeny (Naake,
Maeda, Proost, Tohge, & Fernie, 2021). In our phylogeny,
the previously characterized monocot alkylresorcinol and
beta-diketone synthases were located in four large clades
made up of sequences from the Poaceae (Clades 2A/2B
and 3A/3B, Figure 3). These clades diversified after previ-
ously reported whole genome duplications in this lineage
(nodes labeled “1”, “2", and “3"; Figure 3; (Baum
et al., 1989)). Gene duplications, from the single gene to
whole genome level, have previously been associated with
the functional diversification of genes involved in lineage-
specific metabolism (Bai et al., 2022; Feng et al., 2019;
Schenck & Busta, 2022; Yonekura-Sakakibara, Higashi, &
Nakabayashi, 2019). This precedent, along with the charac-
terized alkylresorcinol and beta-diketone synthases arising
after the whole genome duplications, suggests that whole
genome duplication could have played a role in the func-
tional diversification of type-lll polyketide synthases in
monocots. To test this idea, we used a subset of the 26
monocot genomes to examine patterns in synteny across
the genomes of these monocots. However, our analyses
did not detect any strong evidence for whole genome
duplication as a cause of polyketide synthase gene family
expansion. Still, the temporal co-occurrence of the duplica-
tions and gene family expansion is intriguing.

The finding that characterized alkylresorcinol
synthases and a characterized beta-diketone synthase arose
from a common polyketide synthase ancestor shortly after
whole genome duplication raised questions about the cata-
lytic abilities of the common ancestor. To learn more about
this ancestor, as well as other ancestral polyketide synthase
sequences, we first built a structural model of a plant
type-lll polyketide synthase and used it to identify positions
in our type-lll polyketide synthase amino acid alignment
that correspond to active site-adjacent residues (Figure 3b).
We then mapped the identity of those active site-adjacent
residues onto the phylogeny (Figure 3c) and examined how
those identities were distributed across the four clades aris-
ing after the two whole genome duplications. The two char-
acterized alkylresorcinol synthases and other members of
both clades 2A and 2B had characteristic residues in certain
position of the alignment (M233, H240, Q242, and V243;
Figure 3c). In contrast, the characterized beta-diketone
synthase did not have any of these characteristic active site
residues (it instead had L233, N240, K242, and L243),
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something it shared in common with its closest neighbors
in our phylogeny—genes from Thinopyrum intermedium
(Host) Barkworth & D.R. Dewey, suggesting that species as
a beta-diketone producer and one or more of those genes
as beta-diketone synthases. Thus, analysis of alkylresorci-
nol and beta-diketone synthase amino acid sequences
revealed that the identities of the amino acids surrounding
their active sites have diverged considerably.

Since eight active site-adjacent residues (yellow resi-
dues indicated with black arrows in Figure 3b, also repre-
sented as colored squares in Figure 3c) so clearly
distinguished alkylresorcinol and beta-diketone synthases,
we supposed that it might be possible to distinguish alkyl-
resorcinol synthase-like ancestral sequences from beta-
diketone synthase-like sequences. Accordingly, we used
maximum likelihood ancestral state reconstruction to esti-
mate the identity of the same eight active site-adjacent res-
idues at the three nodes of the phylogeny that
corresponded to whole genome duplications (Table S7). At
each of these nodes, the ancestral state reconstruction
algorithm was able to estimate the identity of the eight res-
idues with high certainty, and each predicted ancestor had
characteristics that were strikingly similar to characterized
alkylresorcinol synthases (M233, H240, Q242, and V243)
and absent in the beta-diketone synthase (Figure 3c, com-
pare with colored bar charts at duplications). This finding
strongly suggests that the ancestral polyketide synthase
that gave rise to the sequences in clades 2A, 2B, 3A, and
3B (that is, both alkylresorcinol synthases and the beta-
diketone synthase) was very alkylresorcinol synthase-like,
if not an outright alkylresorcinol synthase.

CONCLUSION

Here, we demonstrate that cuticular waxes from herbarium
specimens can be sources of fatty acid-derived natural
products in proportions (i.e. with compositions) that are
semiquantitatively consistent with the chemistry of fresh
tissue. We then surveyed monocot wax chemicals and
demonstrated that alkylresorcinols are far more wide-
spread across the monocot phylogeny than beta-diketones,
which were only recovered from within Poaceae. We used
ancestral state reconstruction and genomic analyses of
monocot type-lll polyketide synthases to reveal that, within
the Poaceae, an ancestral alkylresorcinol synthase-like
gene appears to have diversified shortly after whole
genome duplication, and that some products of that diver-
sification beta-diketone synthases. Our analyses also
reveal several groups of polyketide synthases with virtually
unexplored functions. It will be interesting to see what
products’ synthesis they may encode. Overall, our findings
suggest that herbarium specimens are a useful source of
plant waxes for analytical study, though limitations are
imposed by several factors, including effects from loss of
epicuticular wax crystals, effects from preservation
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techniques, and variation in wax chemical profiles due to
genotype or environment. Still, this method has the poten-
tial to provide access to otherwise inaccessible dimensions
of natural variation (Berenbaum & Zangerl, 1998; Lang,
Willems, Scheepens, Burbano, & Bossdorf, 2019; Zangerl
& Berenbaum, 2005), including analyses of waxes from
plant tissues that were collected in the same location but
separated by decades or even centuries of time.

EXPERIMENTAL PROCEDURES
Plant material and chemical analysis

Fresh plant material was collected from local green areas. Pre-
served plant samples were provided on loan by the Olga Lakela
Herbarium (DUL) at the University of Minnesota-Duluth. To pre-
pare a wax sample, whether from fresh or preserved tissue, a
large hole punch was used to collect a disc of leaf tissue (2 cm in
diameter) that was stored in a sealed scintillation vial. The discs of
leaf tissue were spiked with 10 ug of tetracosane internal standard
then extracted twice with 2 mL chloroform. The extracts were
pooled, and the chloroform was allowed to evaporate. The residue
was then transferred to a GC vial insert, derivatized in 50 puL of
1:1 N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and pyri-
dine, and incubated (70°C for 45 min). Samples were analyzed on
a 7890B Network GC (Agilent) equipped with an 7693A Autosam-
pler (Agilent) equipped with a split/splitless injector and an HP-5
capillary column (Agilent, length 30 m x 0.250 mm x 0.25 pm
film thickness); 2 uL of sample was injected on-column with He as
the carrier gas with a flow rate of 1 mL/min. The initial tempera-
ture of the GC oven was 50°C and held for 2 min, followed by the
first ramp at a rate of 40°C/min until it reached 200°C and was held
for 2 min, then ramped at a rate of 3°C/min until 320°C and
held for 30 min. The total run time for each sample was
77.75 min. with a solvent delay of 8 min. The analytes were
detected using an Agilent 5977B (GC/MSD) Mass Selective Detec-
tor (El 70 eV; m/z 40-800, 2 scans/s). Peaks were identified by com-
paring mass spectra again those of authentic standards,
previously published spectra for authentic standards, or commer-
cial mass spectral libraries.

Bioinformatics and data analysis

Species and family trees (Figures 1b and 2e) were obtained by
sampling from a published megaphylogeny (Qian & Jin, 2016).
Principal components analysis was performed using the R pack-
age FactoMineR (Le, Josse, & Husson, 2008). BLAST searches,
alignments, trimming, tree construction and visualization, and
ancestral state reconstruction were performed as previously
described (Damsté et al., 2003) using the R packages “msa,”
“gBlocks,” “phangorn,” and “ggtree” (Bodenhofer, Bonatesta,
Horejs-Kainrath, & Hochreiter, 2015; Schliep, 2011; Talavera & Cas-
tresana, 2007; Yu, Smith, Zhu, Guan, & Lam, 2017). Parameters for
filtering BLAST hits were length aligned with query >250; hit
length >300 and <600, e_value <1E-50. Statistical tests were per-
formed using the R package “rstatix.” Structural modeling was
performed as previously described (Busta et al., 2018) using
Phyre2 (Kelley, Mezulis, Yates, Wass, & Sternberg, 2015) in inten-
sive mode. The base model selected by Phyre2 for the Hordeum
vulgare Type Il polyketide synthase (beta-diketone synthase)
structural model presented here was an Oryza sativa Type |ll PKS
(Morita et al., 2010), PDB entry 3ALE. The model was visualized
using PyMOL (The PyMOL Molecular Graphics System, Version

1.2r3pre, Schrodinger, LLC) and positions in the Type Il PKS align-
ment that corresponded to active site residues were identified by
comparing the alignment against the sequence of the model
shown in PyMOL. Synteny analyses were performed using GENE-
SPACE (Lovell et al., 2022) using genomes from Phytozome for
the 26 monocot species, provided less than 5% of their genes
were on small scaffolds, leaving 20 genomes remaining for syn-
teny analysis.
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Figure S1. Fragmentation patterns of trimethylsilyl-derivatized
beta-diketones. Each row shows structures for possible beta-dike-
tones isomers and major fragments they may generate during
mass spectrometry.

Figure S2. Single-ion chromatograms of alkylresorcinols in diverse
species. Each panel shows the single-ion chromatogram (m/z 268,
characteristic for alkylresorcinols) traces for wax sample chro-
matograms of the species indicated on the right.

Table S1. Wax chemical data for the thirteen species used in the
investigation of fresh and preserved tissue wax chemistry. Listed
is the abundance (percent total wax) of each compound found in
each species for the twelve species used in the investigation of
fresh and preserved tissue wax chemistry.

Table S2. Herbarium specimens used to assess wax chemical
preservation. Listed are the family, taxon, genus, species, repli-
cate, and collector number. Entries marked with a dagger indicate
instances in which biologically independent samples were not
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available and so independent leaves from the same individual
were used instead.

Table S3. List of Poaceae herbarium specimens surveyed for beta-
diketones and alkylresorcinols. Listed are the family, taxon, acces-
sion number for each specimen that was examined. The fourth
and fifth columns indicate whether beta-diketones or alkylresorci-
nols were found in that lineage.

Table S4. Public sequence data used in this study. Listed are the
genus and species names of taxa whose genomes were used in
this study. The data were obtained from Phytozome13
(https://phytozome-next.jgi.doe.gov/), with the file names listed
alongside species names.

Table S5. Metadata for Poales type Ill PKS sequences. Included
are the accession number for each sequence, the genus and spe-
cies name for the genome from which it was obtained, the length
of the sequence, as well as the BLAST parameters obtained when
it was found using a BLAST search: length_aligned_with_query,
percent_identity, e_value, and bitscore.

Table S6. Poaceae Type Ill Polyketide Synthase Phylogeny. A forti-
fied tree of the phylogeny shown in Figure 3. This is a maximum
likelihood phylogeny built from the alignment in Data S1. Note
that the R function “as.phylo()” can be used to convert this table
into a “phylo” object which can then be saved as a newick or
nexus file.

Table S7. Ancestral States of Type Ill Polyketide Synthases from
Poaceae. The probability of the states of each position in the align-
ment in Data S1 for each of the nodes of the phylogenetic tree in
Figure 3, which is included in Table S6.

Data S1. Alignment of type Il PKSs from Poaceae. A fasta file con-
taining the alignment built from the sequences described in
Table S5.
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